Three different types of tungsten-containing enzyme have been previously purified from Pyrococcus furiosus (optimum growth temperature, 100؇C): aldehyde ferredoxin oxidoreductase (AOR), formaldehyde ferredoxin oxidoreductase (FOR), and glyceraldehyde-3-phosphate oxidoreductase (GAPOR). In this study, the organism was grown in media containing added molybdenum (but not tungsten or vanadium) or added vanadium (but not molybdenum or tungsten). In both cell types, there were no dramatic changes compared with cells grown with tungsten, in the specific activities of hydrogenase, ferredoxin:NADP oxidoreductase, or the 2-keto acid ferredoxin oxidoreductases specific for pyruvate, indolepyruvate, 2-ketoglutarate, and 2-ketoisovalerate. Compared with tungsten-grown cells, the specific activities of AOR, FOR, and GAPOR were 40, 74, and 1%, respectively, in molybdenum-grown cells, and 7, 0, and 0%, respectively, in vanadium-grown cells. AOR purified from vanadium-grown cells lacked detectable vanadium, and its tungsten content and specific activity were both ca. 10% of the values for AOR purified from tungsten-grown cells. AOR and FOR purified from molybdenum-grown cells contained no detectable molybdenum, and their tungsten contents and specific activities were >70% of the values for the enzymes purified from tungsten-grown cells. These results indicate that P. furiosus uses exclusively tungsten to synthesize the catalytically active forms of AOR, FOR, and GAPOR, and active molybdenum-or vanadium-containing isoenzymes are not expressed when the cells are grown in the presence of these other metals.
Molybdenum-containing enzymes are ubiquitous in nature, and the role of molybdenum (Mo) as a required trace element in various fundamental biological processes has been known for many decades (39) . Equally well established is the antagonistic action of tungsten (W), wherein many organisms when grown in the presence of W produce either inactive molybdoenzymes lacking any metal or W-substituted molybdoenzymes that have little or no catalytic activity (5, 10, 12, 18, (32) (33) (34) 42) . In contrast, functional tungstoenzymes have been obtained from only a limited number of organisms (2, 21) . These include some species of methanogens (35, 36) , acetogenic clostridia (45, 48) , and heterotrophic hyperthermophilic archaea (27) (28) (29) (30) (31) . An interesting question, therefore, is to what extent is the reverse situation true-does Mo exert an antagonistic effect on the production of tungstoenzymes?
In the methanogens, Methanobacterium wolfei and Methanobacterium thermoautotrophicum, it has been found that formyl methanofuran dehydrogenase, which catalyzes the first step in CO 2 reduction to methane, exists as both Mo-and W-containing isoenzymes (35) (36) (37) (38) . M. wolfei preferentially expresses the W isoenzyme during growth in a tungstate-containing medium, whereas the Mo-containing isoenzyme was expressed during growth in a molybdate-supplemented medium (36, 38) . Interestingly, Mo could not substitute for W in the W isoenzyme, whereas W could substitute for Mo in the Mo isoenzyme. In contrast, with M. thermoautotrophicum, the Mo isoenzyme was only synthesized when Mo was available for growth, whereas the W isoenzyme was also generated during growth in a Mo-containing medium. Thus, Mo could replace W in the W isoenzyme, but W could not replace Mo in the Mo isoenzyme. Vanadium (V), an element with similar chemical properties to Mo and W, did not support the growth of M. thermoautotrophicum (6) , and either V is not incorporated into formyl methanofuron dehydrogenase or it gives rise to an inactive form of the enzyme. A Mo-containing isoenzyme has also been reported for the tungstoenzyme carboxylic acid reductase found in the acetogens Clostridium thermoaceticum and Clostridium formicoaceticum (43, 44) . Similarly, the sulfate-reducing bacterium Desulfovibrio gigas appears to produce two aldehyde dehydrogenases, one containing Mo and one containing W (4, 16, 40) .
As yet, there have been no reports on the effects of Mo (or V) on the growth of hyperthermophilic archaea, some of which have been shown to produce more than one type of tungstoenzyme. For example, Pyrococcus furiosus (optimum growth temperature, 100ЊC) is an obligately anaerobic heterotroph (13) whose growth is stimulated by W (8) . Three different types of W-containing enzymes have been purified from this organism: aldehyde ferredoxin oxidoreductase (AOR [27, 28] ), formaldehyde ferredoxin oxidoreductase (FOR [29, 31] ), and glyceraldehyde-3-phosphate ferredoxin oxidoreductase (GAPOR [30] ). AOR and FOR are thought to function in aldehyde oxidation during peptide fermentation (14, 29) , whereas GA-POR plays a key role in glycolysis (30) . The objectives of this study were to grow P. furiosus in the presence of Mo or V (both without added W) and to investigate the nature of the enzymes exhibiting AOR, FOR, and GAPOR activities. In addition, the activities of a variety of other catabolic enzymes were investigated. The results show that the catalytically active forms of GAPOR, AOR, and FOR contain exclusively W, and in contrast to formyl methanofuran dehydrogenase, carboxylic acid reductase, and aldehyde dehydrogenase, there appear to be no active Mo-or (V)-containing isoenzymes of these hyperthermophilic proteins.
MATERIALS AND METHODS
Growth of the organism and enzyme purification. P. furiosus was grown at 90ЊC in a 600-liter fermentor with maltose as a carbon source in a medium previously described (8) , except for Mo, V, and W, which were all present in the original medium. For the W-containing medium (W-medium), sodium tungstate (10 M) was added and sodium molybdate and vanadyl sulfate were omitted. For the Mo-containing medium (Mo-medium), sodium molybdate (100 M) was added and vanadyl sulfate and sodium tungstate were omitted. For the Vcontaining medium (V-medium), vanadyl sulfate (5 M) was added and sodium tungstate and sodium molybdate were omitted. The organism was first transferred at least 10 times in either the Mo-or the V-medium before growing in the 600-liter fermentor. AOR and FOR were purified from 100 g of frozen cells under strictly anaerobic conditions at 23ЊC by previously described techniques (28, 29) .
Enzyme assays and other methods. AOR activity was measured spectrophotometrically by the crotonaldehyde-dependent (0.2 mM) reduction of methyl viologen (5 mM) in 100 mM EPPS (N-[2-hydroxyethyl]piperazine-NЈ-3-propanesulfonic acid) buffer (pH 8.4), in serum-stoppered cuvettes. The changes in A 600 were measured at 80ЊC with a molar absorbance coefficient of 12,000 M Ϫ1 cm
Ϫ1
for reduced methyl viologen. Formaldehyde (50 mM) was used as a substrate in the assays for FOR. The activity of GAPOR was determined at 70ЊC by the reduction of benzyl viologen (3.0 mM) measured at 580 nm (molar absorbance, 7,800 M Ϫ1 cm
) in 100 mM EPPS buffer (pH 8.4), with glyceraldehyde-3-phosphate (0.4 mM) as the substrate. The activities of the 2-ketoacid oxidoreductases specific for pyruvate (POR), aromatic 2-keto acids (IOR), 2-ketoglutarate (KGOR), and branched chain 2-keto acids (VOR) were determined by measuring the substrate-dependent reduction of methyl viologen in the presence of coenzyme A with pyruvate, indolepyruvate, 2-ketoglutarate, or 2-ketoisovalerate as the substrate (final concentration, 5 mM), respectively, by previously published methods (7, 15, 26) . Hydrogenase activity was measured by H 2 evolution from methyl viologen reduced by sodium dithionite (8) . Ferredoxin:NADP oxidoreductase (FNOR) activity was measured by NADPH-dependent reduction of benzyl viologen (25) . For all of the enzymes listed above, 1 U of activity represents 1 mol of substrate oxidized per min, except for hydrogenase, for which 1 U equals 1 mol of H 2 produced per min. Subunit molecular weights were determined by sodium dodecyl sulfate (SDS)-gel electrophoresis (22) . Protein concentrations were determined by the Lowry method with bovine serum albumin as a standard (24) . A complete metal analysis (40 elements), including Fe, W, Mo, and V, was obtained by plasma emission spectroscopy with a Jarrel Ash Plasma Comp 750 instrument at the Department of Ecology of the University of Georgia. Electron paramagnetic resonance (EPR) spectra were recorded on an IBM-Bruker ER 200D spectrometer equipped with an Oxford Instruments ESR-9 flow cryostat.
RESULTS
Enzyme activities in the cell extracts of Mo-and V-grown P. furiosus. P. furiosus was grown in a 600-liter fermentor with W-, Mo-, and V-media, all of which contained maltose, yeast extract, and tryptone, each at concentration of 5 g/liter, as the carbon and nitrogen sources. The cell growth rates under all three regimes were comparable, as determined by the increase in A 600 and total protein concentration. In each case, cells were harvested at the beginning of the stationary phase. However, while the cell yields with the W-and Mo-media were similar (700 to 900 g [wet weight]), that from the V-medium was reduced by 50% (390 g [wet weight]). The AOR activity in anaerobically prepared cell extracts of V-grown cells was very low (0.15 U/mg) compared with that of W-grown P. furiosus (2.1 U/mg [ Table 1]) . Surprisingly, Mo-grown P. furiosus cell extracts showed a much higher level of AOR activity (0.84 U/mg) than V-grown cells. The FOR activities of W-, Mo-, and V-grown cells were 1.9, 1.4, and 0.18 U/mg, respectively. However, it is hard to accurately assess FOR activity by formaldehyde oxidation in cell extracts, because AOR also shows good activity with formaldehyde as a substrate (28) . There was no measurable GAPOR activity in V-grown cells, while the activities in W-and Mo-grown cells were 4.2 and 0.06 U/mg, respectively. Hence, it appeared that, compared with W-grown cells, Mo-grown cells contained significant amounts of AOR and FOR but extremely small amounts of GAPOR, while V-grown cells contained only AOR, but in greatly reduced amounts.
The activities of a variety of other oxidoreductase-type enzymes in the three cell types are shown in Table 1 . The activities of hydrogenase, as determined by H 2 evolution from reduced methyl viologen, and of VOR, which catalyzes the coenzyme A-dependent, oxidative decarboxylation of the leucine derivative 2-ketoisovalerate, were much higher in Wgrown cells than in Mo-or V-grown cells. However, although there were some variations, the specific activities of the other three 2-ketoacid oxidoreductases IOR, POR, and KGOR were similar in the cells from all three growth media. The same was true of the multifunctional enzyme FNOR, which catalyzes the ferredoxin-dependent reduction of NADP and the NADPHdependent reduction of polysulfide. In general, however, except for POR and FNOR, all of the other enzyme activities were generally lower for V-grown cells than for W-and Mogrown cells.
Purification of AOR and FOR from Mo-and V-grown cells. AOR and FOR were purified from 100 g (wet weight) of the three different types of cells under anaerobic conditions at 23ЊC under previously described conditions (28, 29) . For each enzyme, the same purification procedure involving three chromatography steps was used for the cell extracts from each cell type, and the chromatographic behaviors of each enzyme were virtually identical in all three procedures. For example, a single peak of FOR activity was separated from a single peak of AOR activity with Q-Sepharose chromatography as the first step. In each case, AOR and FOR eluted as 180 mM and 300 mM NaCl was applied to the column, respectively. No additional peaks of crotonaldehyde-or formaldehyde-dependent oxidation activity (for AOR and FOR, respectively) could be detected in the column fractions (eluting up to 1.0 M NaCl). The exception was the cell extract from V-grown cells, because no FOR activity (other than the formaldehyde-oxidizing activity associated with AOR) could be detected in any of the fractions eluting from the first column, and obviously this activity could not be purified. In contrast, and surprisingly, FOR from Mogrown cells [FOR (Mo) ] was consistently of higher specific activity than FOR from W-grown cells [FOR (W) ] throughout the purification. This was reflected in the approximately 50% higher specific activity of pure FOR (Mo) than of pure FOR (W) ( Table 2 ). On the other hand, the specific activities of AOR Table 2) ]. Molecular and catalytic properties of AOR and FOR. Purified AOR (V) gave rise to a single band after SDS-gel electrophoresis that was identical to that of AOR (W) . However, AOR (V) contained no detectable V when analyzed by plasma emission spectroscopy, and this technique showed the presence of 0.2, 6.5, and 1.2 g-atoms of W, Fe, and Mg per mol, respectively (Table 2) . AOR from W-sufficient cells is known to contain 2 W, 9 Fe, and 2 Mg atoms per homodimeric molecule (9) . Even though the specific activity of AOR (V) was 15-fold lower than that of AOR (W) , the two enzymes resembled each other in their catalytic properties. That is, the ratios of specific activities toward crotonaldehyde, formaldehyde, propionaldehyde, and acetaldehyde were the same, and neither enzyme oxidized glyceraldehyde-3-phosphate. However, the EPR properties of AOR (V) were not what have been established for AOR (W) . AOR purified from W-grown cells in its dithionitereduced state characteristically gives rise to a complex spectrum centered around g ϭ 2.88 (27) . The complexity has been attributed to the spin coupling of two paramagnetic centers, one of which, identified by the resonance at g ϭ 4.75, is a [4Fe- 4S] 1ϩ center which has a well defined S ϭ 3/2 ground state. The other paramagnetic center is thought to be an undefined form of the W site (11) . This has a lower midpoint potential than the 4Fe center; thus, upon partial oxidation of the protein, the W-site becomes EPR silent and only the EPR spectrum of the S ϭ 3/2 center is observed (see Fig. 2c of reference 27). Moreover, the EPR spectrum of dithionite-reduced AOR (V) (Fig. 1b) showed only traces of the complex spin-coupled EPR spectrum of the dithionite-reduced AOR (W) (Fig. 1a) and resembled the EPR spectrum of the partially oxidized form (see Fig. 2c of reference 27 ). Thus, in AOR (V) , the second paramagnetic center which gives rise to the complex g ϭ 2.88 resonance is either present in a very low concentration or is oxidized. The low W content of AOR (V) [10% of that in AOR (W) ] suggests that the former is the case, thus supporting the notion that the second paramagnetic center in AOR is W derived.
Purified AOR (Mo) gave rise to a single band after SDS-gel electrophoresis that was identical to that of AOR (W) . Surprisingly, however, AOR (Mo) contained no detectable Mo, but it did contain 1.4 g-atom of W per mol when analyzed by plasma emission spectroscopy (Table 2) . AOR (Mo) also contained 8.0 and 1.6 g-atoms of Fe and Mg per mol, respectively. The catalytic properties of AOR (Mo) such as substrate specificity and substrate inhibition (data not shown) were identical to those of AOR (W) (28) . It therefore appeared that the AOR in Mo-grown cells was identical to that of AOR (W) , except for the slightly lower W content with an associated decrease in specific activity. Purified FOR (Mo) gave rise to the same single protein band after SDS-gel electrophoresis as that observed from FOR (W) . FOR (Mo) contained 2.8, 14, and 2.8 g-atoms of W, Fe, and Mg per mol, respectively, when analyzed by plasma emission spectroscopy. These values are about 10% less than those obtained with FOR (W) (31) . FOR (Mo) also resembled FOR (W) in all of the molecular and catalytic properties examined (data not shown), which included molecular weight determination by SDS-gel electrophoresis and gel filtration, substrate specificity, lack of substrate inhibition, and inhibition with iodoacetate (31).
DISCUSSION
We show here that when P. furiosus is grown in the presence of Mo or V, rather than W, none of the three tungstoenzymes present in this organism are expressed in active forms which contain either Mo or V, and there was no evidence for additional Mo-or V-containing isoenzymes with the aldehydeoxidizing activities of these three enzymes. The small amount of W incorporated into AOR (V) corresponded to the low spe- (44) . However, the relative W content of AOR (V) and AOR (Mo) suggests that V, at a concentration about 400-fold that of W, prevents P. furiosus from fully utilizing the contaminating amounts of W in the V-medium for the synthesis of AOR. AOR (V) also contained close to a full complement of Fe, suggesting that under W-sufficient conditions, the insertion of W into AOR occurs after the apoprotein has incorporated the 4Fe center. Similarly, growth in the V-medium did not appear to affect the amount of AOR protein produced by P. furiosus, suggesting that W does not regulate AOR expression. Unfortunately, insufficient amounts of AOR (V) were obtained in this study for a quantitative analysis of its pterin cofactor, the moiety that coordinates W (9). We were unable to detect the activities of FOR or GAPOR in chromatographic fractions of V-grown cells. Although it is possible that V was incorporated into both enzymes to give inactive forms, this seems unlikely, because V was not incorporated into AOR. Rather, the absence of active W-containing FOR and W-containing GAPOR in V-grown cells suggests that V limits the availability of W, and that under such conditions, W is preferentially incorporated into AOR instead of FOR or GAPOR. Clearly, V does not induce the synthesis of other types of protein with FOR or GAPOR activity. V was also found to inhibit the growth of the methanogenic archaeon M. thermoautotrophicum (6) , and like P. furiosus, this organism did not express active V-containing forms of its Mo-or Wcontaining enzymes nor V-containing isoenzymes. In fact, such a phenomenon appears to be unique to nitrogenase, which, at least in some organisms, has V-and Mo-containing isoenzymes (as well as an Fe-only form [see, for example, reference 17]).
Unlike the situation with V, Mo did not prevent the incorporation of contaminating W into AOR and FOR (Table 2) , even though the amount of Mo added (100 M) to the Momedium was 20-fold larger than the amount of V added to the V-medium (5 M) and was about 6,500-fold higher than the concentration of W that contaminates the Mo-medium. The specific activity of AOR (Mo) was lower than that of AOR (W) , reflecting their respective W contents, but surprisingly, FOR (Mo) had a much higher specific activity than FOR (W) . The reason for this is not clear at present, because AOR (Mo) was virtually indistinguishable from AOR (W) in its molecular, catalytic, and EPR properties. Nevertheless, these findings indicate that the W in AOR and FOR from P. furiosus cannot be replaced by Mo. The stimulatory effect of W on the growth of P. furiosus was originally described with a medium containing only 0.5 g of yeast extract per liter (8) or 1/10 of that used here. Hence, efficient growth of P. furiosus (in the absence of V) requires at least 1.5 nM but less than 15 nM W.
The effects of Mo on the metabolism of P. furiosus are therefore very different from those reported with other organisms that are known to contain tungstoenzymes or in which W affects cell growth (3, 6, 16, 19, 20, 23, 37, 41, 46, 47, 49, 50 [for review, see reference 21]). In all cases examined, catalytically active Mo isoenzymes are produced when Mo is available in the growth medium. Thus, P. furiosus is unique not only in the fact that it contains three distinct types of tungstoenzyme but also in the fact that none of them can be replaced by Mo isoenzymes and that all three appear to be obligately dependent upon W for catalytic activity. These results lend credence to the notion (1, 6 ) that the hyperthermophilic archaea such as P. furiosus use exclusively W at the active sites of enzymes which catalyze reactions with extremely low potential, such as aldehyde oxidation (E m ϭ Ϫ580 mV [see references 6 and 21] ), whereas in moderately thermophilic and mesophilic organisms, Mo-containing enzymes can accomplish the same reaction (for review, see reference 21).
